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ABSTRACT

This thesis investigates the effects of approach flow conditions on the unsteady
three-dimensional (3D) wake characteristics of a square back Ahmed body using
improved delayed detached eddy simulations (IDDES). Two approach flow
conditions were investigated: a reference uniform flow (Case A) and a thick
turbulent boundary layer (TBL) (Case B), where the Ahmed body is fully submerged
in the TBL. Case A has been studied extensively in the literature, whereas Case B is
rarely studied, although it provides a more realistic flow condition for on-road
vehicles. The present results showed that the wake structure of Case B is
significantly different from that of Case A. In particular, the wake of Case A is
dominated by a strong downwash flow from the top surface, but Case B exhibits a
much stronger upwash flow, which is induced by the low momentum of the fluid
that emanates from the clearance between the ground and vehicle. For Case A,
conditional averaging of the flow field based on the sign of the drift force
demonstrated the occurrence of the well-known wake-switching (bimodality) event
in the spanwise direction. However, the bimodality was completely suppressed in
the wake of the Ahmed body submerged in the TBL, indicating the influence of
boundary layer thickness relative to body height on the wake-switching event. Both
time-averaged turbulence statistics such as the Reynolds stresses and production
terms, and time-resolved statistics including spectral analysis and temporal crosscorrelations are used to explore the differences between the wake structure of the
Ahmed body in a uniform flow and thick TBL.
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Chapter 1: Introduction
1.1 Road vehicle aerodynamics
There has been growing concern regarding the environment for the past few decades which has
resulted in stricter emission controls to be implemented worldwide. Stricter emission controls aim
to further manage the atmospheric pollution and to make the consumer more aware of the problem
we face today. The main culprit of such concern is due to greenhouse gases that are being released
into the atmosphere as people employ fossil fuel to generate power to do useful work. One of the
biggest consumers of fossil fuel is the transportation industry as cars have integrated so well into
our lives.
The flow around a road vehicle is a rather complex phenomena that includes massive separations
and development of a wake. The boundary layer on the surface of the body eventually separates
as it reaches the rear edge and the separated flow experiences high shear and forms a wake. The
aerodynamic resistive force that a road vehicle experiences is mostly due to pressure which
means that there is a large pressure difference at the front and the rear of the body. The lowpressure region at the rear is due to the existence of a wake which is made up with multiple
length and time scales and is inherently unsteady and three dimensional. These flow features
arise due to the bluffness of the geometry and this bluffness is associated with comfort and
functionality which cannot be negated. Figure 1.1 illustrates the common flow features
associated with road vehicle aerodynamics.
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Figure 1.1: Flow around a road vehicle

1.2 Road vehicle models
There are many road vehicle models available in the literature; however, the most commonly used
models are: Ahmed body (Ahmed et al., 1984), Windsor body (Pavia et al., 2018), and Lorry model
(Dalla Longa et al., 2019) which can be seen in Figure 1.2. These models oftentimes lack details
such as side mirror and wheels, but they adequately capture the essential flow characteristics of a
real vehicle. Most importantly, the wake behind these models is comparable to the wake that would
have been generated behind a real road vehicle. This allows researchers to conduct fundamental
studies regarding the wake of a road vehicle which in turn provide valuable information for
engineers to design an aerodynamically efficient vehicle.

Figure 1.2: Simplified models; (a) Ahmed body, (b) Lorry model, (c) Windsor model
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1.2.1 Ahmed body

The Ahmed body model is utilized in this study. The Ahmed body was introduced in 1984 by
Ahmed, Fantin and Ram (Ahmed et al., 1984). They introduced the model to study the wake
topology of a ground vehicle with varying afterbody configuration. The drag coefficient as well as
the wake topology varied significantly with rear slant angle α as shown in Figure 1.2a. The
minimum and maximum drag occurred when α ≈ 12.5 º and α ≈ 30.0º, respectively. The increase
in drag is attributed with the emergence of the counter rotating longitudinal vortices called the Cpillar vortices. These vortices increase the three dimensionality of the wake which in turn increases
the drag. The separation point of the flow greatly influences the wake topology as well as drag
experienced by the body. One thing to note as illustrated in Figure 1.3 is the duality of drag when
α ≈ 30.0º, this is a result of two possible separation points since the fluid can either separate at the
top slant edge or bottom slant edge. The lower drag coefficient is associated with separation at the
top slant edge since it prevents the C-pillar vortices from developing.

Figure 1.3: Wake topology of an Ahmed body (Choi et al., 2014)
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The rear slant angle of the current work is set to α = 0º which mimics the flow around a square
back vehicle such as sports utility vehicle (SUV) or a van. The defining characteristic of this
configuration is the long recirculation region and relatively low drag coefficient. A more in-depth
summary of recent studies regarding the square back Ahmed body is presented in Chapter 3.
1.3 Objective of the present study
The objective of the thesis is to simulate a more realistic driving condition by specifying a fully
developed turbulent boundary layer profile with high freestream turbulence intensity (Case B) at
the inlet as on flow past an Ahmed body have utilized a uniform inlet condition with low freestream
turbulence intensity (Case A) (Ahmed et al., 1984; Barros et al., 2017; Dalla Longa et al., 2019;
Grandemange et al., 2013a; Lucas et al., 2017). Furthermore, a comparison will be made between
two cases with a uniform velocity with low turbulence intensity and with a fully developed
turbulence boundary layer profile with high turbulence intensity. Additionally, it intends to provide
a more detailed aspects of the time averages statistics and the unsteady 3D wake dynamics of Case
B that a previous 2D planar particle image velocimetry (PIV) experimental study by Essel et al.,
(2020) could not quantity due to the limitation associated with PIV measurements.

1.4 Organization of the thesis
The thesis is organized into four chapters and a brief summary of each chapter is presented
below:
Chapter 1 is a general introductory chapter that familiarizes the reader with basic road vehicle
aerodynamics as well as the objective of the thesis.
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Chapter 2 presents a brief overview of available turbulence models and introduces the turbulence
model for the present study, improved delayed detached eddy model (IDDES). The formulation
of IDDES as well as its advantages are also given here.
Chapter 3 presents the flow topology of the Ahmed body generated from uniform profile and a
spatially developed velocity profile inlet condition. The numerical setup as well as mesh
configuration is given here. The numerical results were validated with 2D planar PIV
measurements of Essel et al., (2020) and laser Doppler velocimetry (LDV) measurements of
Rodriguez et al., (2017). The time averaged quantities such as velocity, Reynolds stresses and
pressure are presented with detailed discussion. The instantaneous coherent structures are also
analyzed using iso-surfaces of λ2 and pressure coefficient.
A conclusion as well as recommendations of future work are provided in Chapter 4.
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Chapter 2. Turbulence modeling
2.1 Introduction
Various turbulence modeling methodologies relevant to the present work are presented briefly in
this chapter. The work presented in this thesis employs the hybrid Reynolds averaged NavierStoke equation-Large eddy simulation (RANS-LES) method known as improved delayed detached
eddy simulation (IDDES) in conjunction with k-ω shear stress transport (SST) as the turbulence
model. The commercial code STAR-CCM+ which utilizes the finite volume method (FVM) to
solve the Navier-Stokes equation is used to carry out the simulation.
2.2 Turbulence models
There are many turbulence models with varying underlying philosophy that lead to the formulation
of such models. Wilcox (1993) argues that an ideal turbulence model should be one that introduces
the minimum amount of complexity while capturing the essence of the relevant physics. This
suggests that choosing a turbulence model depends on the flow variable and analysis that a user
wishes to calculate to satisfactory degree of accuracy. The following section will briefly introduce
the philosophy behind the most common turbulence models and serve to justify the turbulence
model chosen for the present work.
2.2.1 Reynolds averaged Navier-Stokes equation models
Perhaps the most used turbulence model is the Reynolds averaged Navier-Stoke equation (RANS)
models. This model is derived based on the idea of Reynolds decomposition where the
instantaneous flow variables (velocity and pressure) are represented as a sum of averaged and
fluctuating terms. The Reynolds decomposition results in the appearance of Reynolds stresses
which leads to the turbulence closure problem where the number of unknowns outnumber the
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available equations (Versteeg and Malalasekera, 2007). This problem is resolved by making
certain assumption such as the Boussinesq hypothesis (Wilcox, 1993). In doing so the
computational cost is significantly reduced, but the model is inherently isotropic which is not
suitable for flows with large anisotropic unsteady vortices such as the ones present in the wake of
a bluff body (Guilmineau et al., 2018).
2.2.2 Large eddy simulation

Large eddy simulation (LES) resolves the large eddies present in the flow field by solving the
filtered Navier-Stokes equations where the small-scale eddies are modeled using the sub-grid scale
models (SGS). The LES model employs spatial filtering operation to separate the large and small
eddies which is vital for determining the eddies to be solved and modeled (Versteeg and
Malalasekera, 2007). The filtering operation is done by specifying the cutoff length and the
operation is done by the means of filter function such as box filter, Gaussian filter and spectral
cutoff (Versteeg and Malalasekera, 2007). The main idea behind this model is the fact that most
of the energy of the flow is contained in the large-scale eddies and as such they should be explicitly
resolved in the flow field. LES is a scale resolved model suitable for flow that displays high
anisotropy, however the computational cost associated with this model can be quite expensive
(Pope, 2000). The computational cost associated with LES increases rapidly for wall-bounded flow
with high Reynolds number since the scales adjacent to the wall become quite small. The resolution
of these scales results in a need of a very fine grid near the wall which makes LES simulation of
wall-bounded flow at high Reynolds number very impractical (Wilcox, 1993). Spalart et al. (1997)
proposed a RANS-LES hybrid model to resolve such a problem where RANS is employed close
to the wall and LES is used outside of these regions to resolve the large-scale eddies.
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2.2.3 Detached eddy simulation

Spalart et al. (1997) proposed a RANS-LES hybrid model known as Detached eddy simulation
(DES) where RANS is used near the wall and LES is used in areas with high anisotropy. The
solution derived from this model displayed a great dependency on the boundary mesh where a
phenomenon known as grid induced separation occurred. The separation is not a physical one but
rather a fault in the numerical model. This is due to the inability of the model to predict the loglayer in the near-wall region which lead to under prediction of skin-friction coefficient. This
problem is resolved by Shur et al., (2008) who proposed a new sub-grid length scale that depends
both on mesh size as well as the wall normal distance. This improvement led to the Improved
delayed detached eddy simulation (IDDES) model. The introduction of a new length scale
ensured the switching of RANS to LES near the wall to be sufficiently delayed which corrected
the log-law mismatch.
The present work employs the k-ω SST IDDES as the turbulence model. The k-ω SST model is a
RANS model build to perform quite well in the presence of the adverse pressure gradient which
is a predominant characteristic of a flow over a bluff body. The following sections will present
the formulation of both k-ω SST and IDDES models which are available in STAR-CCM+, and
described at User Guide Version 10.06. 010., (2013) and Shur et al., (2008).
2.3 k-ω SST model formulation
k-ω SST model is a hybrid model between k-ω and k-ε models. The model switches between
these two models appropriately depending on flow condition, for example k-ω is applied near the
wall, as it performs well near wall, whereas k-ε is applied at the freestream. The model achieves
this by introducing a blending function. The introduction of the blending function enables
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smooth transition between two models, because there is a potential for a numerical instability
which arises due to differences between computed eddy viscosity amongst these models
(Versteeg and Malalasekera, 2007).The formulation of this model is presented below.
The transport equations associated with the k-ω SST model are shown below:

𝑑
∫ 𝜌𝑘𝑑𝑉 + ∫ 𝜌𝑘𝒖 ∙ 𝒏𝑑𝐴
𝑑𝑡
𝑉

𝐴

(1)
∗

= ∫ (𝜇 + 𝜎𝑘 𝜇𝑡 )∇𝑘 ∙ 𝒏𝑑𝐴 + ∫ (𝐺𝑘 − 𝜌𝛽 𝑓 (𝜔𝑘 − 𝜔0 𝑘0 ) + 𝑆𝑘 )𝑑𝑉
𝐴

𝛽∗

𝑉

𝑑
∫ 𝜌𝜔𝑑𝑉 + ∫ 𝜌𝜔𝒖 ∙ 𝒏𝑑𝐴
𝑑𝑡
𝑉

𝐴

(2)
= ∫ (𝜇 + 𝜎𝜔 𝜇𝑡 )∇𝜔 ∙ 𝒏𝑑𝐴 + ∫ (𝐺𝜔 − 𝜌𝛽𝑓𝛽
𝐴

(𝜔2

−

𝜔20 )

+ 𝐷𝜔 + 𝑆𝜔 )𝑑𝑉

𝑉

where k is the turbulent kinetic energy, 𝜔 is the specific dissipation rate, 𝑆𝑘 and 𝑆𝜔 are user
specified source terms, 𝑘0 and 𝜔0 is the initial turbulence values, 𝐺𝑘 is the turbulent production
term, 𝐺𝜔 is the production of the dissipation rate term, 𝜇 is dynamic viscosity, 𝜇𝑡 is the turbulent
viscosity, 𝜎𝑘 and 𝜎𝜔 are turbulent Schmidt numbers, and 𝛽 ∗ = 0.09.
The turbulence production term 𝐺𝑘 is calculated as
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2
2
𝐺𝑘 = 𝜇𝑡 𝑓𝑐 𝑆 2 − 𝜌𝑘∇ ∙ 𝐮 − 𝜇𝑡 (∇ ∙ 𝒖)2
3
3

(3)

where fc is the curvature correction factor and ∇ ∙ 𝐮 is the divergence of the velocity vector. S is
the mean strain rate tensor modulus given as:
𝑆 = |𝑺| = √2𝑺: 𝑺𝑇 = √2𝑺: 𝑺

(4)

1
𝑺 = (∇𝒖 + ∇𝒖𝑇 )
2

(5)

where

The turbulence production term Gω is calculated as
2
2
𝐺𝜔 = 𝜌𝛾 [(𝑆 2 − (∇ ∙ 𝐮)2 ) 𝜔∇ ∙ 𝒖 ]
3
3

(6)

where 𝛾 is the blended coefficient of the model.
The cross-derivative term Dω is calculated as

𝐷𝜔 = 2(1 − 𝐹1 )𝜌𝜎𝜔2

1
∇𝑘 ∙ ∇𝜔
𝜔

(7)

where 𝜎𝜔2 is a model coefficient with its value being 0.856.

𝐹1 = tanh (arg14 )
√𝑘

500𝜈

(8)

2k

arg1 = min (max (0.09𝜔𝑑 , 𝑑2 𝜔 ) , 𝑑2 𝐶𝐷 )
𝑘𝜔

where d is the distance to the nearest wall, ν is the kinematic viscosity and F1 is the blending
function. The cross-diffusion term 𝐶𝐷𝑘𝜔 is defined by
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𝐶𝐷𝑘𝜔 = max (

1
∇𝑘 ∙ ∇𝜔, 10−20 )
𝜔

(9)

The eddy viscosity or turbulent viscosity is calculated as
𝜇𝑡 = 𝜌𝑘𝑇

(10)
𝛼∗

𝑎

where T is the turbulent length scale computed as min ( 𝜔 , 𝑆𝐹1 ) and the model constants are
2𝑛

given as a1 = 0.31 and α* = 1.
𝐹2 = tanh (arg 22 )
2√𝑘

500𝜈

(11)

arg2 = max (𝛽∗𝜔𝑑 , 𝑑2 𝜔 )
The model coefficients are calculated from the blending function F1. The coefficient is given by
𝜙 = 𝐹1 𝜙1 + (1 − 𝐹1 )𝜙2

(12)

The coefficients for 𝜙1 are:
β1 = 0.075, σk1 = 0.85, σω1 = 0.5, κ = 0.41, and γ1 = β1/ β* - σω1 κ2/ β*1/2 .
The coefficient for 𝜙2 are:
β2 = 0.0828, σk2 = 1, σω2 = 0.856, κ = 0.41, and γ2 = β2/ β* - σω2 κ2/ β*1/2 . β* = 0.09 for both cases.

2.3 IDDES formulation
The IDDES formulation requires the replacement of the length scale in the dissipation term in
the transport equation for turbulent kinetic energy with a hybrid length scale shown below:
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3

𝐷𝑘 =

𝜌𝑘 2
𝑙Hybrid

(13)

The lHybrid scale is defined as
𝑙Hybrid = 𝑓𝑑 (1 + 𝑓𝑒 )𝑙𝑡 + (1 + 𝑓𝑑 )𝐶𝑑𝑒𝑠 ΔIDDES

(14)

The newly introduced functions fB and fe are called the blending function and elevating function
respectively, and ΔIDDES is the mesh length scale, respectively which allow for the wall modeled
LES (WLES) calculation to occur:
𝑓𝑑 = max [(1 − 𝑓𝑑𝑡 ), 𝑓𝐵 ]

(15)

𝑓𝑑𝑡 = 1 − tanh [(C𝑑𝑡 r𝑑𝑡 )3 ]

(16)

where Cdt is a model constant.
The blending function, fB, indicates whether the area of interest is being solved using RANS or
LES. The value of unity indicates that the region is being solved with RANS whereas a value of
zero shows that the region is being resolved with LES.
The mesh length scale, ΔIDDES , unique to IDDES is defined as
ΔIDDES = min (max(0.15𝑑, 0.15Δ, Δmin ) , Δ)

(17)

where 𝛥 is the grid size, d is the wall normal distance and 𝛥min is the smallest distance computed
between the cell center under consideration and the cell centers of the neighboring cells.
𝑓𝐵 = min [2 exp(−9𝛼 ∗2 ) , 1.0]
where
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(18)

𝛼 2 = 0.25 −

𝑑
Δ

(19)

The remaining functions in equation (14) are calculated as
𝑓𝑒 = max[𝑓𝑒1 − 1, 0] Ψ𝑓𝑒2
𝑓𝑒1 = {

2 exp(−11.09𝛼 ∗2 ) if 𝛼 ∗ ≥ 0
}
2 exp(−9.0𝛼 ∗2 ) if 𝛼 ∗ ≤ 0

(20)
(21)

𝑓𝑒2 = 1.0 − max (𝑓𝑡 , 𝑓𝑙 )

(22)

𝑓𝑡 = tanh [(𝐶𝑡2 𝑟𝑑𝑡 )3 ]

(23)

𝑟𝑑𝑡 =
𝑟𝑑𝑙 =

𝜈𝑡
√∇𝑣: ∇𝑣 𝑇 𝜅 2 𝑑 2
𝜈𝑡
√∇𝑣: ∇𝑣 𝑇 𝜅 2 𝑑 2

(24)

(25)

where Ct and Cl are model constants 𝜈𝑡 is the turbulent kinematic viscosity and 𝜅 is the von
Karman constant.
2.4 Concluding Remarks
The flow field region of interest for a flow over a bluff body is the wake because the majority of
the losses associated with a road vehicle is due to the pressure loss caused by the wake. The wake
is composed of multiple length and time scales that are highly anisotropic in nature. Due to these
reasons the k-ω SST IDDES is chosen as the turbulence model for the present study. Furthermore,
since the flow experiences strong adverse pressure gradient as well as separation, k-ω SST model
is choses as it will adequately capture the boundary layers developed along the wall where an
adverse pressure gradient is prone to occur. The preliminary simulation shows that generating an
adequately fine grid is crucial for the activation of LES which results in much time and effort in
generating an economical and yet accurate grid for the present work. The blending function in the
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region of interest must be closely monitored to ensure that all region is in fact activated as LES or
else the simulation proved to be futile. The finding of the thesis will be presented in the next
chapter.
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Chapter 3: IDDES evaluation of the effect of approach flow condition
3.1 Introduction
In this chapter, the effect of approach flow condition on the wake of an Ahmed body is
investigated by providing different inlet conditions. The study has been performed numerically
using a three dimensional, unsteady, IDDES simulation. The results of the simulation are
validated with an available experimental data of Essel et al. (2020) and Rodriguez et al. (2017).
For the study, two cases were defined: Case A where the boundary layer thickness was less than
the ground clearance and Case B where the boundary layer thickness is greater than the height of
the body. The contrast between these cases were identified by investigating the time averaged
quantity as well as the instantaneous flow structures. The introduction of strong mean shear and
turbulence in the freestream revealed that flow structures in the wake are greatly influenced by
the inlet boundary condition
In the past, several experimental and numerical studies have been conducted using simplified
vehicle models such as the Ahmed body, Windsor body and the Lorry model to document the
salient flow features and wake characteristics behind the vehicle models (Ahmed et al., 1984; Dalla
Longa et al., 2019; Grandemange et al., 2013a, 2015; McArthur et al., 2016; Pavia et al., 2018,
2020). A summary of pertinent recent literature and the geometric and initial conditions
investigated are presented in Table 3.1. The previous studies have shown that the flow around the
simplified vehicle models is highly three-dimensional (3D) and characterized by complex
turbulent phenomena such as unsteady flow separation, vortex shedding and flapping motion
which leads to enlargement/contraction of the recirculation region behind the body. As shown in
the table, most of the previous studies examined the flow characteristics around simplified vehicle
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models in a uniform flow or thin turbulent boundary layer (TBL) (𝛿 ≪ 𝐻, where 𝛿 is the boundary
layer thickness and 𝐻 is the total height of the body from the ground), denoted as Case A in this
study, although, on-road vehicles travel in the atmospheric boundary layer (𝛿 ≫ 𝐻) (denoted as
Case B), that is dominated by high turbulence level and strong mean shear. Therefore, this study
aims at improving our understanding of the effects of the two approach flow conditions (uniform
flow/thin TBL and thick TBL) on the unsteady 3D wake characteristics of the generic square back
Ahmed body.
Figure 3.1 shows the dimensions and nomenclature of the square back Ahmed body used in this
study, where L, W and h is the length, width, and height of the body, respectively. The fore-end of
the body has rounded edges of radius, R, to minimize the effects of flow separation. The clearance
distance between the underbody and the ground is denoted as C. The approach flow has a boundary
layer thickness of 𝛿 and a freestream velocity of 𝑈∞ . For the uniform flow/thin TBL case (Case
A), 𝛿 ≪ 𝐻 (Figure 3.1a) while for the thick TBL case (Case B), 𝛿 > 𝐻 (Figure 3.1b). The lefthanded Cartesian coordinate system adopted has the origin of the streamwise (x), wall-normal (y)
and the spanwise (z) directions at the midpoint of the lower edge of the backend of the body.
The wake characteristics behind the square back Ahmed body is largely influenced by the ground
clearance ratio (C/h or C/W as defined by Grandemange et al., 2013) and the inclusion of wheels.
According to Grandemange et al., (2013), the effect of the ground on the underbody flow and the
wake behind the body can be categorized into three main regimes: low ground clearance (𝐶/ℎ <
0.07), moderate ground clearance (𝐶/ℎ ∈ [0.07,0.12]) and high ground clearance (𝐶/ℎ > 0.12).
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For low ground clearance, the momentum of the underbody flow is significantly dampened by the

Figure 3.1. Schematic drawing of the Ahmed body showing the flow nomenclature and test
conditions investigated. (a) Ahmed body in a uniform flow or thin turbulent boundary layer, Case
A and (b) Ahmed body submerged in thick turbulent boundary layer, Case B.
viscous effects on the ground, leading to the formation of a single recirculation bubble behind the
body similar to that formed behind a backward-facing step (BFS). As the ground clearance
increases to a moderate regime, the viscous effects gradually reduce while the momentum of the
underbody flow increases such that the underbody flow exits the clearance as a jet-like upwash
flow behind the body. The upwash flow interacts with the downwash flow from the top surface to
form a pair of recirculation bubbles behind the body. Moreover, the upwash flow also separates
on the ground due to severe adverse pressure gradient (APG) which may generate a third
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recirculation bubble attached to the ground and downstream of the pair of the recirculation bubbles
behind the body. In the case of high ground clearance, the underbody flow is more energetic and
transitions to a strong upwash flow that suppresses flow separation on the ground. As a result, only
a pair of recirculation bubbles are formed behind the body, manifesting the presence of the toroidal
structure observed in previous studies (Krajnović and Davidson, 2004; Lucas et al., 2017). Gulyás
et al., (2013) and Pavia et al., (2020) investigated the effects of the wheels on the wake
characteristics and found that the inclusion of the wheels enhanced the upwash of the underbody
flow into the wake, which in turn increased the drag.
An interesting feature of the 3D bluff bodies is the phenomenon of bimodal instability where the
wake flips between two asymmetric or symmetry-breaking states (Barros et al., 2016;
Grandemange et al., 2012; Li et al., 2016; Plumejeau et al., 2020). This phenomenon was first
recognized by Herry et al., (2011) downstream of a 3D BFS and since then several studies have
observed the bimodal behaviour on other 3D bluff bodies (Brackston et al., 2016; Gentile et al.,
2017; Rigas et al., 2014) including the Ahmed body (Grandemange et al., 2012). However, the
origin and dynamics of the bimodal instability behind the Ahmed body is not well-understood,
perhaps due to the influence of various geometric and initial flow conditions on the occurrence of
the phenomenon, and the large timescale ( ~103 ℎ/𝑈∞ ) associated with the wake “flipping”
behaviour (Dalla Longa et al., 2019; Fan et al., 2020; Grandemange et al., 2013a; Volpe et al.,
2015). Grandemange et al., (2013) investigated bimodal behaviour behind a square back Ahmed
body and found that the behaviour strongly depends on the ground clearance ratio and the aspect
ratio (W/h) of the body. In particular, the bimodality behaviour was persistent for moderate and
high ground clearance, 𝐶/ℎ ≥ 0.07, but suppressed for low ground clearance. For aspect ratio,
W/h > 1, the symmetry-breaking occurs in the spanwise direction in the wake while for W/h < 1,
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the symmetry-breaking occurs in the wall-normal direction (Dalla Longa et al., 2019;
Grandemange et al., 2013b). Previous studies have also shown that the bimodality is suppressed
with the introduction of a yaw/pitch angle (Bonnavion and Cadot, 2019; Haffner et al., 2020).
Most of the previous studies on the unsteady wake characteristics and the bimodality behaviour
around an Ahmed body were conducted experimentally with the use of time-resolved particle
image velocimetry (TR-PIV) (Barros et al., 2017; Evrard et al., 2016; Fan et al., 2020;
Grandemange et al., 2013a; Haffner et al., 2020). Numerical studies, on the other hand, are limited
due to the high computational cost associated with simulations at high Reynolds number and the
large time scale required to capture the bimodality behaviour. Nonetheless, unsteady simulations
of the flow around an Ahmed body have been conducted with large eddy simulations (LES) (Dalla
Longa et al., 2019; Krajnović and Basara, 2010; Lucas et al., 2017; Wassen et al., 2010), partially
averaged Navier-Stokes (PANS) (Mirzaei et al., 2015; Rao et al., 2018), unsteady Reynoldsaveraged Navier-Stokes simulations (URANS) (Khalighi et al., 2012) and detached eddy
simulations (DES) (Guilmineau et al., 2011; Kapadia et al., 2004). Lucas et al., (2017), for
example, captured the asymmetry of the wake using LES simulation, but the wake switching event
could not be captured due to computational limitations. Using LES simulations, Dalla Longa et
al., (2019) and Podvin et al., (2020) successfully captured the two asymmetric states of the wake
at 𝑅𝑒ℎ = 3.3 × 104 and 1.0 × 104 , respectively. DES simulations have also been shown to
have good agreement with experimental results (Ashton and Revell, 2015; Guilmineau et al., 2018;
Lienhart et al., 2019), however, the bimodality of the wake was not investigated in these studies.
While the aforementioned studies have greatly improved our understanding of the wake
characteristics of the square back Ahmed body, these studies were all conducted with uniform or
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thin approach TBL (Table 1), therefore, the influence of thick approach TBL on the wake flow
around the body is not well-understood. Recently, Essel et al., 2020 conducted the first study to
investigate the effects of slant angle on the wake characteristics between two tandem (in-line)
Ahmed bodies fully immersed in a thick TBL (𝛿/𝐻 > 1). The slant angle of the leading body in
the tandem arrangement was varied from a square back (𝛼 = 0°) to 𝛼 = 35°. The experiments
were conducted with planar PIV measurements in the wall-normal symmetry (x-y) plane of the
tandem Ahmed bodies and a reference single square back Ahmed body. The boundary layer
thickness of the approach flow was 𝛿/𝐻 = 1.75 and the Reynolds number based on model height
and maximum freestream velocity was 1.7 × 104 . The Ahmed bodies had a high clearance ratio
of C/h = 0.33 from the ground. The study examined the time-averaged turbulence statistics
including the mean velocities, Reynolds stresses and the production of turbulent kinetic energy in
the x-y plane. The results showed that the tandem bodies with a square back leading model
exhibited a much stronger upwash flow than downwash flow in the inter-vehicular spacing
between the bodies. This enhanced upwash flow was also observed behind the single square back
Ahmed body. In contrast, the tandem bodies with slanted rear-end of the leading model showed
much stronger downwash flow in the inter-vehicular space.
The objective of the present study is to investigate the effects of approach flow conditions on the
unsteady 3D wake characteristics of a single square back Ahmed body using improved delayed
detached eddy simulations (IDDES). Two different approach flow conditions are investigated: a
reference uniform flow/thin TBL (Case A) and a thick TBL (Case B). The inlet flow condition
used for Case B is similar to that used in the previous work (Essel et al., 2020) from our research
group. However, the focus of this study is significantly different as the present examines more
detailed aspects of the time-averaged statistics and the unsteady 3D wake dynamics of Case B in
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comparison to Case A. Furthermore, the occurrence of bimodality under the two approach flow
conditions is also investigated using spectral analysis and high-frequency evolution of 3D vortical
structures behind the Ahmed body.
3.2 Numerical setup and validation
3.2.1 Governing equations and turbulence model

The numerical simulations were performed using STAR-CCM+ computational fluid dynamics
(CFD) software. STAR-CCM+ has been well used and validated in previous studies for flow past
bluff bodies (Fan et al., 2020; Lienhart et al., 2019; Nasif et al., 2019; Ravindran, 2015). The flow
field was simulated using transient 3D continuity and momentum equations which were solved
using finite volume method (FVM). The governing equations are discretized in time and space
with the implicit second-order time and a hybrid-bounded central difference scheme (Travin et al.
2002), respectively. The system of algebraic equations resulting from the discretization was solved
using a segregated algorithm, where the continuity and momentum equations are solved
sequentially (Perić et al., 1988). These equations can be expressed in a general transport equation
for a scalar quantity 𝜙 as follows
∂
∫ 𝜌𝜙𝑑𝑉 + ∮ 𝒏 ∙ (𝜌𝜙𝒖 )𝑑𝐴 = ∮ 𝒏 ∙ (𝛤𝜙 𝛻𝜙 )𝑑𝐴 + ∫ 𝑆𝜙 𝑑𝑉
∂t 𝐶𝑉
𝐴
𝐴
𝐶𝑉

(26)

where ρ is density, 𝒖 is the velocity vector, 𝒏 is the unit vector normal to the surface element 𝑑𝐴
in an outward direction, 𝛤𝜙 is the diffusion coefficient and 𝛻𝜙 is the gradient operator (Versteeg
and Malalasekera, 2007). The 3D control volume is denoted as CV while A is the surface on
which the integration is performed. The first term from the left side of the equation describes the
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Table 3.1. Summary of pertinent recent studies on the turbulent flow characteristics around simplified square back vehicle models.
Model
Technique
Reh × 104
C/h
𝜹/𝑯
Case
𝑳𝒓 /𝒉
Ahmed body
A
LES
50.0
0.10
1.50
Ahmed body
A
PIV
9.2
0.074
0.17
1.47
Ahmed body
A
PIV
250
0.16
1.41
Ahmed body
A
PIV
40.0
0.11
1.50
Ahmed body
A
PIV
77.0
0.070
0.17
1.50
Lorry model
A
PIV
3.8
0.090
0.14
0.90
Ahmed body
A
PANS
30.0
0.17
Windsor body
A
PIV
77.0
0.019
0.17
Ahmed body
A
PIV
20.0
0.029
0.16
1.50
Ahmed body
A
PIV
60.0
0.17
Ahmed body
A
LES
40.1
0.046
0.10
1.41
Ahmed body
A
LDV
5.0
0.28
1.39
Ahmed body
A
PIV
40.0
0.11
1.50
Windsor body
A
PIV
9.2
0.19
0.14
Ahmed body &
A
LES
3.3 & 2.0
0.17 &
1.45 & 1.17
Lorry model
0.59
Fan et al., (2020)
Ahmed body
A
PIV & IDDES
9.2
0.054
0.17
1.43 & 1.49
Pavia et al., (2020)
Windsor body
A
TPIV
57.8
0.17
1.45
Plumejeau et al., (2020)
Ahmed body
A
PIV
42.9
0.10
1.41
Podvin et al., (2020)
Ahmed body
A
LES
1.0
0.13
Haffner et al., (2020)
Ahmed body
A
PIV
50.0
0.028
0.17
1.58
Lorite-Díez et al., (2020)
Ahmed body
A
PIV
10.0
0.17
1.45
Essel et al. (2020)
Ahmed body
B
PIV
1.7
1.75
0.33
1.36
Present Study
Ahmed body
A&B
IDDES
1.4
0.090 & 1.75
0.33
1.44
*PIV: Particle image velocimetry, TPIV: Tomographic PIV, LDV: Laser Doppler velocimetry, LES: Large eddy simulation, PANS: Partially
averaged Navier-Stokes simulation IDDES: Improved delayed detached eddy simulation, Lr: length of the recirculation region behind the
Ahmed body are demonstrated in Figure 3.7
Author
Wassen et al., (2010)
Grandemange et al., (2013 & 2014)
Grandemange el al., (2015)
Evrard et al., (2015)
Volpe et al., (2015)
McArthur et al., (2015)
Mirzaei et al., (2015)
Perry et al., (2016)
Barros et al., (2017)
Li et al., (2016)
Lucas et al., (2017)
Rodriguez et al., (2017)
Bonnavion & Cadot (2018)
Pavia et al., (2018)
Dalla Longa et al. (2019)
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rate at which 𝜙 changes within the control volume and the second term quantifies the flux
of 𝜙 through the bounding surface due to advection. The third term illustrates the rate of
change of 𝜙 due to diffusive flux across the bounding surface and the last term signifies
the change in 𝜙 as a result of a source term within the control volume, for example, body
forces and pressure gradient.
To model the turbulent flow field, the hybrid RANS-LES approach was adopted to reduce
computational cost while effectively simulating the unsteady wake characteristics around
the Ahmed body. The hybrid RANS-LES approach uses RANS-based turbulence model to
simulate the boundary layer near the walls and LES for the portion of the flow field away
from the walls. This hybrid approach involving RANS reduces the computational resources
required for full-scale LES of engineering flows, therefore, has attracted significant interest
in the research community and the industries alike. Spalart et al., (1997) proposed the first
version of the hybrid RANS-LES formulation well-known as DES. The DES uses the local
grid refinement to initiate the switch from RANS to LES, but this has resulted in several
issues including log-layer mismatch. To resolve this limitation, Shur et al., (2008) proposed
the IDDES formulation that combines the capabilities of the delayed detached eddy
simulation (DDES) (Spalart et al., 2006) and the wall modelling in LES (WM-LES). With
IDDES, the model defines a new sub-grid length-scale that depends on both the local grid
refinement and the wall-normal distance from the wall. This mitigates the log-layer
mismatch problem by delaying the switch from RANS to LES near the wall. Moreover, the
IDDES has been shown to surpass the DES and DDES by providing a more accurate
prediction of separated and reattached flows and wake behind bluff bodies (Fan et al., 2020;
Guilmineau et al., 2018; Ke, 2019; Nasif et al., 2019). Therefore, IDDES was used in the
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present study. For the RANS portion, the 𝑘 − 𝜔 shear stress transport (SST) model
(Menter, 1994) was used since the model has been shown to perform better in flows with
separation and APG (Bernard and Wallace, 2002; Versteeg and Malalasekera, 2007;
Wilcox, 1993). The detailed descriptions of the formulations for the SST and IDDES
models are available in Chapter 2.
For each simulation, the time step was set to 5 × 10−4 to ensure that the Courant number
was less than 1.5 (Cao and Tamura, 2020) and the total simulation time was 350 s. The
flow statistics were collected over the last 340 s, which is equivalent to 460 vortex shedding
cycles based on the Strouhal number, 𝑆𝑡 = 𝑓ℎ/𝑈∞ = 0.15 (where 𝑓 is the frequency and
𝑈∞ is the freestream velocity) calculated from the time history of the lift coefficient. The
solution is considered converged when the residual of variables such as continuity,
momentum, turbulent kinetic energy, and scalar dissipation rate fell below 10−6.
3.2.2 Model setup and boundary conditions
The square back Ahmed body simulated has an aspect ratio, W/h = 1.4 and ground
clearance ratio, C/h = 0.33 (Figure 3.1). The computational domain for the simulations is
presented in Figure 3.2. For both Case A and B, the height of the domain (2.5h) was set to
match the water depth (d = 0.135 m) of the experimental work of Essel et al., 2020, while
the width of the domain was set to about 15h (i.e. 7.5h from the centerline) to minimize
any potential blockage effects. The domain has a length of 26h with the Ahmed body
positioned at about 11h from the inlet. This streamwise distance allowed the prescribed
inlet conditions to adjust to the boundary conditions before the approach flow encounters
the body. The computational mesh was constructed using automated structured mesh
generator to have four levels of local grid refinements as shown in Figure 3.2. In terms of
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boundary conditions, a no-slip condition was specified on the bottom surface of the domain
and the surfaces of Ahmed body, while a free-slip condition was specified on the sides and
top surface of the domain. The outlet of the domain is set as a pressure outlet.
For the inlet condition, a separate 3D open channel simulation was performed to reproduce
the approach flow condition of Essel et al., (2020) and the results of the mean velocities
and turbulence intensities were specified at the inlet of the domain for Case B. As shown
in Figure 3.3, the profiles of the streamwise mean velocity and the streamwise turbulence
intensity for the simulation are in good agreement with the experimental results. The
boundary layer thickness for Case B is 𝛿/𝐻 = 1.75, the freestream velocity and the bulk
velocity are 𝑈∞ = 0.31 𝑚/𝑠 and 𝑈𝑏 = 0.27 𝑚/𝑠, respectively. The freestream turbulence
intensity is 3.0%. Since the Ahmed body is submerged in the TBL (𝛿/𝐻 > 1), it is
important to characterize the section of the approach flow that would have stronger
interaction with the body. As illustrated in the plots, the fore-end of the Ahmed body is
expected to encounter part of the overlap region, 𝑦 + ∈ [240,730] which corresponds to
𝑈 + ∈ [18,21], where 𝑦 + = 𝑦𝑈𝜏 /𝜈 and 𝑈 + = 𝑈/𝑈𝜏 , 𝑈𝜏 is the friction velocity and 𝜈 is the
kinematic viscosity. In outer coordinates, this section of the TBL corresponds to 𝑦/𝑑 ∈
[0.1,0.5 ] with reduced mean velocities of 0.7𝑈∞ − 0.9𝑈∞ and elevated turbulence
intensities of 4.5% − 6.5%.
For the uniform approach flow test case (Case A), the Dirichlet condition was used with
an inlet velocity of 0.27 m/s (based on 𝑈𝑏 of Case B) and a low turbulence level of 1.0%.
The approach boundary layer thickness without the body in the flow field was 𝛿/𝐻 =
0.09 for Case A. The Reynolds number based on 𝑈𝑏 and h is 𝑅𝑒ℎ = 1.4 × 104 for each
test case.
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3.2.3 Mesh sensitivity and validation
Mesh sensitivity tests were carried out to ensure that the grid refinements were sufficient
for accurate numerical solution without any compromise on the statistical convergence of
the results. This was performed using three (coarse (Grid I), medium (Grid II), and fine
(Grid III)) different meshes with increasing number of cells as presented in Table 3.2. The
meshes were assessed based on results of the mean velocities, Reynolds stresses and
important flow parameters such as the drag coefficient (𝐶𝐷 ), base pressure coefficient
(𝐶𝑝𝑏 ), length of the recirculation region behind the body (𝐿𝑟 ) and the 𝑦 + values on the
surface of the body and the bottom wall. These assessments were performed using Case B
since the mean shear near the bottom wall is much stronger than that of Case A, therefore,
a mesh chosen for Case B is expected to perform well for Case A as well. The comparison
of streamwise mean velocity profiles and Reynolds shear stress for each grid is shown in
Figure 3.4. It was found that the flow parameters, streamwise mean velocity profiles, and
Reynolds shear stress profiles for Grid II and III were in reasonable agreement while those
for Grid I were significantly different. For Grid II and III, the 𝑦 + < 1 indicates that the
grid resolution was sufficient to simulate the viscous sublayer of the turbulent boundary
layer on the walls. Moreover, the grid resolution in the recirculation region for Grid II and
III satisfied the Taylor microscale criteria of 𝜆 𝑇 /∆ > 1 (Gaitonde, 2008), where 𝜆 𝑇 is
Taylor microscale and ∆ is grid size. Based on the assessments, Grid II was chosen for the
simulations of Case A and B to reduce computational time when compared to that of Grid
III.
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Figure 3.2. Mesh configuration for both cases; (a) wall-normal plane, (b) spanwise plane,
(c) refinement zone around the Ahmed body in the wall-normal plane, and (d) refinement
zone around the Ahmed body in the spanwise plane.

27

(a)

(b)

Figure 3.3. Approach flow condition specified at the inlet of the simulation for Case B
compared with the experimental results of Essel et al. 2020. (a) Streamwise mean
velocity profile normalized in outer coordinate (𝑈∞ and 𝑑) and logarithmic form (inset),
𝑈 + = 1⁄𝜅 (𝑦 + ) + 𝐵, where the von Kármán constant, 𝜅 = 0.41 and the intercept is set
at 𝐵 = 5.0, and (b) streamwise turbulence intensity profile in outer coordinate. The dash
horizontal lines in (a and b) represents the location of the bluff body in the outer
coordinate, whereas the vertical solid lines in the inset of (a) represents the location of
the bluff body in the inner scaling.

Table 3.2: Summary of grid properties for mesh sensitivity test.
Grid
I
II
III

Cell count ×106
5
6.8
13.1

CD
0.30
0.31
0.31

Cpb
-0.13
-0.14
-0.15

𝐿𝑟 /ℎ
1.31
1.44
1.43

y+body
2.15
0.42
0.081

y+grnd
1.52
0.68
0.26

Figure 3.4: Comparison of flow variable profiles for different grids at x/h = 0.4h. (a)
Streamwise mean velocity profile, and (b) Reynolds shear stress profile
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An extensive validation was carried out for Case A using the experimental results of
Rodriguez et al., (2017) and for Case B using the results of the single square back Ahmed
body reported in Essel et al., (2020). It is worth noting that the experiment by Rodriguez
et al., (2017) was conducted with a laser Doppler velocimetry (LDV) using a similar
Ahmed body model, ground clearance ratio (𝐶/ℎ = 0.28) and a Reynolds number of
𝑅𝑒ℎ = 5.0 × 104 . Figure 3.5 compares profiles of the streamwise mean velocity (𝑈) and
Reynolds stresses ( ̅̅̅̅
𝑢′ 2 , ̅̅̅̅
𝑣 ′ 2 and - ̅̅̅̅̅
𝑢′𝑣′ ) for the present simulations and the previous
experimental works. The profiles are extracted in the wake region and normalized by the
𝑈𝑏 and h. For Case A (Figures 3.5a and 3.5b), the results of the streamwise mean velocity
and Reynolds shear stress for the simulations are in reasonable agreement with the
experiment, except for the disparity in the peak values of the Reynolds shear stress at
𝑥/ℎ = 0.83 and 1.02. For Case B, similar agreements between the simulation and the
experiment can be observed in the profiles of the streamwise mean velocity and the
Reynolds stresses. However, Figure 3.5c shows that the momentum of the jet-like flow
near the wall (𝑦/ℎ < 0) for the simulation is reduced compared to that of the experiment.
Given the experimental and numerical uncertainties in the results, it was concluded that the
present IDDES and the grid resolution are sufficient to produce results that reasonably
describe the mean flow and turbulence statistics around the Ahmed bodies.
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(a)

(b)

(c)

(d)

(f)

(e)

Figure 3.5. Comparison between present numerical results and previous experiments for
Case A (Rodriguez et al. 2017) and Case B (Essel et al. 2020). Case A: Profiles of (a)
streamwise mean velocity, 𝑈/𝑈𝑏 and (b) Reynolds shear stress, - ̅̅̅̅̅
𝑢′𝑣′/𝑈𝑏2 . Case B:
Profiles of (c) Streamwise mean velocity, 𝑈/𝑈𝑏 , (d) streamwise Reynolds normal stress,
̅̅̅̅
𝑢′ 2 /𝑈𝑏2 , (e) wall-normal Reynolds normal stress, ̅̅̅̅
𝑣 ′ 2 /𝑈𝑏2 and (f) Reynolds shear stress,
′ 𝑣 ′ /𝑈 2 for Case A are offset at an interval of
̅̅̅̅̅′ /𝑈 2. The profiles of 𝑈/𝑈𝑏 and -𝑢
̅̅̅̅̅̅
−𝑢′𝑣
𝑏
𝑏
1.0 and 0.04, respectively while the profiles of 𝑈/𝑈𝑏 , ̅̅̅̅
𝑢′ 2 /𝑈𝑏2 , ̅̅̅̅
𝑣 ′ 2 /𝑈𝑏2 and ̅̅̅̅̅
𝑢′𝑣′ /𝑈𝑏2 for Case B are offset at an interval of 1.0, 0.1, 0.05 and 0.03 respectively.
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3.3 Results and discussion
The results presented focus on the flow separation and the near-wake region of the Ahmed
body with emphasis on the planes (𝑃1 to 𝑃5 ) shown in Figure 3.6. 𝑃1 is used to characterize
the flow field in the 𝑥 − 𝑦 symmetry (𝑧/ℎ = 0) plane while 𝑃2 is used for the 𝑥 − 𝑧
symmetry (𝑦/ℎ = 0.5) plane of the body. Planes, 𝑃3 , 𝑃4 and 𝑃5 are extracted in the 𝑦 − 𝑧
plane to document the evolution of the flow within (𝑥/ℎ = 0.8) and downstream (𝑥/ℎ =
1.4, and 2.0) of the recirculation region.

Figure 3.6. Planes of interest. 𝑃1 is the wall-normal symmetry (𝑧/ℎ = 0) plane and 𝑃2
is the spanwise symmetry (𝑦/ℎ = 0.5) plane of the Ahmed body. The cross-sectional
(𝑦 − 𝑧) planes are denoted as 𝑃3 , 𝑃4 and 𝑃5 with offset distances of 𝑥/ℎ = 0.8, 1.4 and
2.0, respectively, from the rear end of the body.

3.3.1 Mean flow pattern
Figure 3.7 shows contours of the streamwise mean velocity in the wall-normal (𝑃1 ) and
spanwise ( 𝑃2 ) symmetry planes of the Ahmed body for both test cases. The mean
streamlines are superimposed on the contours to reveal the flow pattern and the zerocontour line (𝑈 = 0) is used to demarcate the reverse flow regions (𝑈 < 0) on the body.
The mean flow features are symmetric in the spanwise plane (Figures 3.7c and 3.7d) but
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asymmetric in the wall-normal plane (Figures 3.7a and 3.7b) due to the presence of the
ground. Near the fore end, the separation point is fixed at the leading edge of the straight
section (𝑥/ℎ = −3.4) on all four sides of the body, irrespective of the approach flow
condition. As demonstrated in Figures 3.7a, the length of the recirculation region, 𝑋𝑟 /ℎ on
each side is determined as the streamwise distance from the separation point (𝑥/ℎ =
−3.4) to the farthest location of the zero contour line on the surface of the body. On the
lateral sides and top surface of the body, the value of 𝑋𝑟 /ℎ = 1.0 is independent of
approach flow condition. However, the length of the recirculation region increased to
𝑋𝑟 /ℎ = 1.2 on the underbody of the uniform approach flow case (Case A), but decreased
to 𝑋𝑟 /ℎ = 0.8 on the underbody of the thick approach TBL case (Case B). For Case A, the
magnitude of acceleration of the approach flow beneath the underbody is associated with
a strong favourable pressure gradient (FPG) which suppresses the wall-normal growth of
the recirculation region, thereby stretching the region in the streamwise direction. In other
previous investigations on an Ahmed body in a uniform flow, the recirculation region on
the underbody was found to be completely suppressed due to the effect of severe FPG
(Dalla Longa et al., 2019; Guilmineau et al., 2011; Lucas et al., 2017). For Case B, the
reduced length of the recirculation region on the underbody is attributed to the elevated
turbulence level (6.5%) and reduced mean velocity (0.7𝑈𝑏 ) of the approach flow that is
accelerated beneath the body. The reduced mean velocity would lead to a milder FPG when
compared with that of Case A (Figures 3.7a and 3.7b). Moreover, high turbulence levels
and reduced mean velocity in an approach flow have also been found to reduce the length
of the recirculation region on bluff bodies such as blunt plates and forward-facing steps
(Essel et al., 2015; Kiya and Sasaki, 1983; Yaghoubi and Mahmoodi, 2004).

32

Behind the body, the pairs of recirculation bubbles which manifest the presence of the
toroidal structure is well-defined in both the wall-normal and spanwise planes for each test
case. The length of the recirculation region, 𝐿𝑟 /ℎ = 1.44 is independent of approach flow
conditions, however, the flow topography in the wall-normal plane for the two test cases
show distinct differences due to the competing effects of the downwash flow from the top
surface and the upwash jet-like flow from the underbody. The downwash flow and upwash
flow meets at the saddle point indicated by the white dots. Case A exhibits the dominance
of the downwash flow, which is the main source of the reverse flow that forms the pair of
asymmetric recirculation bubbles. As a result, the saddle point is located closer to the
ground (𝑦/ℎ = 0.3). This flow topography is consistent with the results of previous
studies on square back Ahmed bodies with a high clearance ratio, C/h > 0.12 and in a
uniform flow (Evrard et al., 2016; Grandemange et al., 2013a; Haffner et al., 2020;
Plumejeau et al., 2020). In contrast, Case B shows an opposite behaviour where the upwash
flow emanating from the ground clearance is strongly deflected away from the ground,
leading to the skewness of the recirculation region towards the freestream and the saddle
point located at 𝑦/ℎ = 0.8. This observation was found to be associated with pressure
imbalance behind the body for Case B, as the low pressure region was more intense near
the top rear edge of the body than near the bottom rear-edge because of the reduced
momentum of the underbody flow that exits the clearance.
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(a)

(b)

(c)

(d)

Figure 3.7. Contours of the streamwise mean velocity at P1 (a and b) and 𝑃2 (c and d)
for Case A and Case B, respectively. The red line represents the reverse flow region
(𝑈 < 0) defined by the zero streamwise mean velocity contour line. The white dots
denotes the saddle points.

Figures 3.8-3.10 show contours of the streamwise, wall-normal and spanwise mean
velocities used to examine the development of the wake structure in the cross-sectional
(𝑥 − 𝑧) planes, 𝑃3 − 𝑃5 . The plane, 𝑃3 slices through the foci of the recirculation bubbles
(𝑥/ℎ ≈ 0. 8) while 𝑃4 coincide with the saddle points (𝑥/ℎ ≈ 1.4). As shown in Figure
3.8, the spiral pattern of the streamlines for the recirculation bubbles in 𝑃3 is well-defined
for Case A compared to Case B. This observation may manifest a distortion in the wake
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structure of Case B caused by the strong upwash of the underbody flow. The streamlines
in 𝑃4 demonstrate the dominance of the downwash flow in Case A and the upwash flow in
Case B. In 𝑃5 , the streamwise mean velocity contours (Figure 3.8c and 3.8d) suggest the
presence of APG-induced flow separation on the ground, which is more distinct for Case
B than Case A. The wall-normal mean velocity contours for Case A (Figure 3.9a – 3.9c)
indicate that the downwash flow spans the entire top edge of the body while the upwash
flow spans the bottom edge in 𝑃3 and 𝑃4 . Further downstream, the downwash flow
dominates and penetrates closer to the ground thereby forcing the upwash flow to split up
and occupy the bottom corners of the body. For Case B (Figure 3.9d – 3.9f), an opposite
behaviour occurs where the upwash flow penetrates closer to the top edge and forces the
downwash flow to split up and occupy the top corners of the body. However, the effects of
the upwash flow are more severe as the split-up of the downwash flow occurs much earlier
(𝑃4 ). This gives the contours of the wall-normal mean velocity for Case B an interesting
owl-like face pattern in 𝑃4 and 𝑃5 . In Figure 3.10, the spanwise mean velocity contours
show that the downwash flow for Case A is augmented by entrainments from the lateral
sides which are more intense near the top corners. As expected, an opposite entrainment
behaviour occurs for Case B to augment the upwash flow, but unlike Case A, the
entrainment involves wider regions and continue to persist strongly at 𝑃5 .
Iso-surfaces of the mean pressure coefficient, 𝐶𝑝 = 2(𝑝 − 𝑝𝑜 )/(𝜌𝑈𝑏2 ), where 𝑝 is the
mean static pressure and 𝑝𝑜 is the atmospheric pressure, are shown in Figure 3.11 to reveal
the toroidal structure formed behind the Ahmed body for each test case. The iso-surfaces
are based on a threshold value of 𝐶𝑝 ≈ −0.22, similar to values (𝐶𝑝 ∈ [−0.20, −0.32])
used in previous studies (Fan et al., 2020; Grandemange et al., 2013a; Krajnović and
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Davidson, 2004; Lucas et al., 2017), and coloured by the streamwise mean velocity. For
Case A, the low-pressure torus formed behind the body is akin to that observed in previous
studies on Ahmed bodies in a uniform flow and without the wheels (Krajnović and
Davidson, 2004; Lucas et al., 2017). Case B, on the other hand, shows significant
modification to the structure of the torus, especially on the upper and lower parts, when
compared to that of Case A. These modifications are evidence of the distortion in the wake
structure caused by the stronger upwash flow in Case B.
3.3.2 Growth of the downwash and upwash shear layers
The streamwise evolution of the mean flow over the top surface and underbody of the
Ahmed body is examined using the distribution of the local maximum mean velocity, 𝑈𝑚
fore-end (𝑥/ℎ ≈ −3.0) is suppressed on the top surface of Case B. Beneath the underbody,
the local maximum velocities for Case B are consistently lower than that of Case A, which
is a result of the reduced mean velocity in the approach flow condition as illustrated in
Figure 3.12a. Here, the flow over the top surface is denoted by the superscript (T) and the
underbody is denoted by (B). The profiles are normalized by 𝑈∞ and ℎ. It is also interesting
𝐵
to notice that the 𝑈𝑚
/𝑈∞ profiles exhibit a plateau region (𝑥⁄ℎ ∈ [−1.0,0.5]) followed by

a gradual decay with streamwise distance. For separated shear layers, the maximum
velocity difference, ∆𝑈 = 𝑈𝑚 − 𝑈𝑚𝑖𝑛 (where 𝑈𝑚𝑖𝑛 is the local maximum negative
(backflow) velocity in the recirculation region) is an important scaling parameter that
influences the growth of the shear layers, which is defined based on the vorticity thickness,
𝛿𝜔 = ∆𝑈/|𝜕𝑈⁄𝜕𝑦𝑚 |, where |𝜕𝑈⁄𝜕𝑦𝑚 | is the magnitude of the maximum mean shear
(𝜕𝑈⁄𝜕𝑦). Most previous studies on separated shear flows such as bluff plates (Cherry et
al., 1984; Djilali and Gartshore, 1991), BFS and forward-facing steps (FFS) (Essel and
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Tachie, 2015; Fang and Tachie, 2019; Jovic, 1996) have shown that the profile of the
vorticity thickness exhibit a linear growth section with a slope, 𝑘 = 𝑑𝛿𝜔 ⁄𝑑𝑥 that represent
the growth rate of the separated shear layer. In this study, a similar analysis of the vorticity
thickness is performed to characterize the effects of the approach flow on the separated
shear layers that constitute the downwash and upwash flows in the wake region.
Figures 3.12b and 3.12c present the distributions of ∆𝑈/ 𝑈∞ and 𝛿𝜔 /ℎ, respectively, in
plane, 𝑃1 . It should be noted that the maximum velocity difference in the upper shear layer
𝑇
( 𝑦/ℎ ≳ 0.5 ), ∆𝑈 𝑇 = 𝑈𝑚
− 𝑈𝑚𝑖𝑛 and the corresponding vorticity thickness, 𝛿𝜔𝑇 are
𝐵
associated with the downwash flow while ∆𝑈 𝐵 = 𝑈𝑚
− 𝑈𝑚𝑖𝑛 and 𝛿𝜔𝐵 in the lower shear

layer (𝑦/ℎ ≲ 0.5) are associated with the upwash flow. The values of 𝜕𝑈⁄𝜕𝑦𝑚 were
carefully determined in each separated shear layer to avoid any bias that may arise from
the elevated mean shear on the ground. In Figure 3.12b, the profiles of ∆𝑈 𝑇 /𝑈∞ for the
downwash flow are less sensitive to the approach flow condition throughout the near-wake
region, but the profiles for the upwash flow ( ∆𝑈 𝐵 /𝑈∞ ) show significant differences
between Cases A and B, in agreement with the 𝑈𝑚 / 𝑈∞ profiles (Figure 3.12a). Figure
3.12c indicates that the separated shear layers for both cases grow rapidly in a similar linear
fashion over the first part (𝑥⁄ℎ ∈ [0.1,1.1]) of the recirculation region. Here, the growth
rate, 𝑘 = 0.38 in the downwash flow is about 40% larger than the growth rate in the
upwash flow (𝑘 = 0.27) for both cases. This should be expected as the growth of the
downwash flow is strongly influenced by the enhanced entrainment of freestream fluid.
Nonetheless, the present growth rates in the first part of the recirculation region are about
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Figure 3.8. Contours of streamwise mean velocity in 𝑃3 (a and d), 𝑃4 (b and e) and 𝑃5 (c
and f) for Case A and Case B, respectively. Superimposed on the contours are the mean
streamlines. The dash black lines represent the rear surface of the Ahmed body.

Figure 3.9. Contours of wall-normal mean velocity in 𝑃3 (a and d), 𝑃4 (b and e) and
𝑃5 (c and f) for Case A and Case B, respectively. Superimposed on the contours are
the mean streamlines. The dash black lines represent the rear surface of the Ahmed
body.
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Figure 3.10. Contours of spanwise mean velocity in 𝑃3 (a and d), 𝑃4 (b and e) and 𝑃5 (c
and f) for Case A and Case B, respectively. Superimposed on the contours are the mean
streamlines. The dash black lines represent the rear surface of the Ahmed body.

(a)

(b)

Figure 3.11. Iso-surfaces of mean pressure coefficient, 𝐶𝑝 ≈ − 0.22 coloured by
streamwise mean velocity in the wake of (a) Case A and (b) Case B
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Figure 3.12. Distributions of (a) local maximum mean velocity, 𝑈𝑚 /𝑈∞ (b) velocity
difference, ∆𝑈/𝑈∞ and (c) vorticity thickness, 𝛿𝜔 /ℎ.

19% - 60% larger than values of 𝑘 = 0.15 – 0.22 reported for bluff plates, FFS, BFS and
plane mixing layers (Brown and Roshko, 1974; Djilali and Gartshore, 1991; Essel and
Tachie, 2015; Nematollahi and Tachie, 2018). Agelinchaab et al., 2008 and Fang and
Vor_b
Vor_t
Vor_b
Vor_t
Linear Fit of Slopes_Upper1 B
Linear Fit of Slopes_Bottom1 B
Linear Fit of Slopes_Upper4 B
Linear Fit of Slopes_Bottom2 B
Linear Fit of Slopes_Bottom2 G

Tachie, 2019, however, reported a growth rate of 𝑘 ≈ 0.30 for separated shear layers over
forward-backward facing steps. Figure 3.12c also shows that the growth rate sharply
decreases in the second part of the recirculation region, similar to observations made in
previous studies on separated shear flows (Essel and Tachie, 2015, Fang and Tachie, 2019).
The downwash flow attains a growth rate of 𝑘 = 0.13, but the 𝛿𝜔 /ℎ values for the upwash
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flow is nearly constant. Beyond the recirculation region (𝑥/𝑑 > 1.44), the growth rate
increases rapidly due to the diminishing mean shear. It can be seen that the growth rate of
the downwash flow (𝑘 = 0.49) is similar for both cases, but the upwash flow for Case B
(𝑘 = 0.96) grows more rapidly than that of Case A (𝑘 = 0.40). This difference is attributed
to the rapid attenuation of the mean shear in the upwash flow for Case B.
3.3.3 Reynolds stresses and anisotropy
′2 , ̅̅̅̅
̅̅̅̅
Figure 3.13 presents the contours of the Reynolds normal stresses (𝑢
𝑣 ′2 and ̅̅̅̅̅
𝑤 ′2 ) and
′ 𝑣 ′ ) in the wall-normal plane, 𝑃 . The corresponding
̅̅̅̅̅̅
the Reynolds shear stress (−𝑢
1
′2 , ̅̅̅̅
̅̅̅̅
Reynolds stresses (𝑢
𝑣 ′2 , ̅̅̅̅̅
𝑤 ′2 and − ̅̅̅̅̅̅
𝑢′ 𝑤 ′ ) contours in the spanwise plane, 𝑃2 exhibit

reflectional symmetry with small differences in magnitude between the two test cases,
therefore, not shown for brevity. In general, the magnitude of the Reynolds stresses for
Case B are reduced compared to those of Case A. The Reynolds stresses exhibit strong
′2 ) is the largest and the wall̅̅̅̅
anisotropy where the streamwise Reynolds normal stress (𝑢
′2 ) and spanwise (𝑤
′2 ) Reynolds normal stresses have similar magnitudes. In
̅̅̅̅
̅̅̅̅̅
normal (𝑣

𝑃1 (Figure 3.13), the Reynolds stresses in the separated shear layer on the top surface of
the body are significantly enhanced compared to the stresses beneath the underbody. The
reduced stresses on the underbody are attributed to the decrease in entrainment due to
confinement and the damping effects of the ground. Behind the body, it is interesting to
notice that the Reynolds stresses are more intense in the upwash flow for Case A than that
of Case B. This is associated with the reduction in mean shear (𝜕𝑈⁄𝜕𝑦) in the upwash flow
that grows rapidly for Case B. To compensate for this reduction, the Reynolds stresses in
the downwash flow for Case B are more intense than that of Case A. More insights into the
Reynolds stresses were obtained by examining contours in the cross-sectional planes (𝑃3 −
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𝑃5 ). To highlight the salient features, the contours of the Reynolds stresses in 𝑃4 are
presented in Figures 3.14 and 3.15. The plots show that the Reynolds normal stresses
(Figure 3.14) are enhanced across most parts of the shear layers in the spanwise direction.

Figure 3.13. Contours of Reynolds stresses in 𝑃1 . Streamwise Reynolds normal stress,
̅̅̅̅
𝑢′ 2 /𝑈𝑏2 (a and b), wall-normal Reynolds normal stress, ̅̅̅̅̅̅̅̅̅
𝑣 ′ 2 /𝑈𝑏2 (c and d), spanwise
′ 𝑣 ′ /𝑈 2 (e and f)
̅̅̅̅̅̅
Reynolds normal stress, ̅̅̅̅̅
𝑤 ′ 2 /𝑈𝑏2 (e and f) and Reynolds shear stress, -𝑢
𝑏
for Case A and Case B, respectively. The red line represents the reverse flow region
(𝑈 < 0) defined by the zero streamwise mean velocity contour line.
For Case A (Figures 3.14a – 3.14c), the streamwise Reynolds normal stress is predominant
in the lower shear layer (i.e. upwash flow) while the wall-normal and spanwise Reynolds
normal stresses extend into the core of the wake. Case B (Figures 3.14d – 14f), on the other
hand, shows enhanced Reynolds normal stresses in the upper shear layer (i.e. downwash
flow) and along the lateral shear layers such that the stresses are reduced in the core of the
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wake. This observation may be attributed to the deep penetration of the upwash flow into
the wake of Case B (see Figure 3.9).

Figure 3.14. Contours of Reynolds normal stresses in 𝑃4 . Streamwise Reynolds normal
stress, ̅̅̅̅
𝑢′ 2 /𝑈𝑏2 (a and d), wall-normal Reynolds normal stress, ̅̅̅
𝑣 2 /𝑈𝑏2 (b and e) and
spanwise Reynolds normal stress, ̅̅̅̅̅
𝑤 ′ 2 /𝑈𝑏2 , (c and f) for Case A and Case B respectively.
The dash black lines represent the rear surface of the Ahmed body.
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′ 𝑣 ′ /𝑈 2 (a and c) and -𝑢
′ 𝑤 ′ /𝑈 2 (b
̅̅̅̅̅̅
̅̅̅̅̅̅
Figure 3.15. Contours of Reynolds shear stresses, -𝑢
𝑏
𝑏
and d) in 𝑃4 for Case A and Case B respectively. The dash black lines represent the rear
surface of the Ahmed body.
′ 𝑣 ′ (Figures 15a and 15c) and is predominant in the upper and lower
̅̅̅̅̅̅
In Figure 3.15, −𝑢
′ 𝑤 ′ (Figures 15b and 15d) is predominant in the lateral shear layers,
̅̅̅̅̅̅
shear layers while −𝑢

in agreement with the orientations of 𝜕𝑈⁄𝜕𝑦 and 𝜕𝑈⁄𝜕𝑧 , respectively. Moreover, the
Reynolds shear stresses are suppressed in the lower shear layer and towards the bottom
corners of the Ahmed body for Case B (Figures 15c and 15d) and the opposite behaviour
occurs for Case A (Figures 15a and 15b). It should be noted that the spatial distributions of
the Reynolds stresses in all the planes for Case A are in good agreement with previous
experimental studies on an Ahmed body in uniform flow (Barros et al., 2017; Grandemange
et al., 2013a; Rodriguez et al., 2017). As discussed earlier, the Reynolds stress contours
′2 , ̅̅̅̅
′ 𝑣 ′ ) in 𝑃 for Case B are also consistent with the experimental results in
̅̅̅̅
̅̅̅̅̅̅
(𝑢
𝑣 ′2 and −𝑢
1

the 𝑃1 plane of the square back Ahmed body reported in Essel et al. 2020.
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spanwise Reynolds normal stresses and the corresponding Reynolds stress anisotropy,
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Ahmed body in the two approach flow conditions. Specifically, the streamwise
distributions of the maximum values of the Reynolds stresses were evaluated based on the
normalized Reynolds stress anisotropy tensor given as

𝑏𝑖𝑗 =

̅̅̅̅̅
𝑢
1
𝑖 𝑢𝑗
− 𝛿𝑖𝑗
2𝑘
3

(27)

where 𝑢1 = 𝑢1′ , the turbulent kinetic energy, 𝑘 = 0.5𝑢
̅̅̅̅̅,
𝑖 𝑢𝑖 𝛿𝑖𝑗 is the Kronecker delta and
the trace, 𝑏𝑖𝑖 ≡ 0 is an invariant of 𝑏𝑖𝑗 . The anisotropic values of the diagonal components,
𝑏11 , 𝑏22 and 𝑏33 (based on the normal stresses) can lie between -2/3 and 4/3, and a value of
zero indicates isotropy (Pope, 2000). Figures 3.16a – 3.16c compares the distributions of
the maximum Reynolds normal stresses in the wall-normal and spanwise symmetry planes
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and the corresponding anisotropic relations, 𝑏11 , 𝑏22 and 𝑏33 are presented in Figures 16d
– 16f. Figure 16a shows that the maximum ̅̅̅̅
𝑢′2 distributions for each test case attain the
highest values at about half the length of the recirculation region, followed by a gradual
decrease with streamwise distance. The decay of ̅̅̅̅
𝑢′2 is often associated with the
breakdown of the large-scale eddies that are generated during the flow separation and rollup of the shear layers (Bradshaw and Wong, 1972; Simpson, 1989). The ̅̅̅̅
𝑢′2 distributions
are more intense in the wall-normal plane than the spanwise plane, demonstrating the
dominance of the downwash and upwash flows over the lateral shear layers. The plots also
′2 is reduced when the Ahmed body is submerged in a TBL and the effect is
̅̅̅̅
show that 𝑢

more severe within the length of the recirculation region. The maximum ̅̅̅̅
𝑣 ′2 distributions
are independent of approach flow conditions, however, ̅̅̅̅̅
𝑤 ′2 exhibits marginal differences
between the two test cases.
′ 𝑣 ′ in the downwash flow and
̅̅̅̅̅̅
Figures 3.17a shows the distributions of the maximum −𝑢
′ 𝑣 ′ (+)𝑇 ) and (−𝑢
′ 𝑣 ′ (−)𝐵 ), respectively, where (+) and
̅̅̅̅̅̅
̅̅̅̅̅̅
upwash flow, denoted as (−𝑢
′ 𝑣 ′ in each shear layer. In the downwash flow, the maximum
̅̅̅̅̅̅
(−) indicate the signs of −𝑢
′ 𝑣 ′ values for Case A and Case B are similar in the first half of the recirculation region
̅̅̅̅̅̅
−𝑢

(𝑥/ℎ ∈ [0,0.75]), but further away, the profile for Case A decreases more rapidly than that
of Case B and the maximum difference is about 55%. In the case of the upwash flow, it is
′ 𝑣 ′ profile for Case B which is presented in Figure 3.17a is
̅̅̅̅̅̅
evident that the maximum −𝑢

significantly reduced compared to Case A and the effect is more dramatic within the span
′𝑤 ′,
̅̅̅̅̅̅
of the recirculation region. On the other hand, the distributions of the maximum −𝑢

presented in Figure 3.17b, are independent of the approach flow condition. The magnitude
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′ 𝑣 ′ is generally larger than −𝑢
′ 𝑤 ′ , except in the upwash flow of Case B where
̅̅̅̅̅̅
̅̅̅̅̅̅
of −𝑢
′ 𝑣 ′ (−)𝐵 is significantly reduced.
̅̅̅̅̅̅
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as the Townsend structure parameter. In simple turbulent shear flows, the Townsend
structure parameter has an asymptotic value of 0.15. This value corresponds to a modelling
′ 𝑣 ′ /𝑘) 2 ≈ 0.09 , usually used in standard RANS-based eddy̅̅̅̅̅̅
coefficient, 𝐶𝜇 = (−𝑢

viscosity models. Figures 3.17c and 3.17d present the streamwise distributions of 𝑏12 and
𝑏13 , respectively. Except for the profile of 𝑏12 in the downwash flow for Case A, the 𝑏12
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profiles exhibit plateau values that are different from 0.15. In particular, the profiles of 𝑏12
in the downwash flow of Case B and the upwash flow of Case A show a plateau value of
0.20 in the region, 𝑥/ℎ ∈ [0.5,1.4], while the profile in the upwash flow for Case B has a
reduced plateau value of 0.08 in the region 𝑥/ℎ ∈ [0.8,1.7]. These deviations from the
typical value of 0.15 demonstrate the complexity of the turbulence structure in the wallnormal plane of the near-wake of the Ahmed body, especially for Case B. In Figure 3.17d,
the 𝑏13 profiles show strong deviations in the early stage of the separated shear layers, but
downstream, the profiles decrease to the asymptotic value of 0.15.
3.3.4 Turbulence production
To understand the source of turbulence energy leading to the anisotropy in the Reynolds
stresses in the near-wake of the Ahmed body for the two approach flow conditions, the
production terms of the transport equations of the Reynolds stresses were analyzed. The
general equation for the production term is given as

𝑃𝑖𝑗 = − (𝑢
̅̅̅̅̅̅
𝑖 𝑢𝑘

𝜕𝑈𝑗
𝜕𝑈𝑖
+ ̅̅̅̅̅̅
𝑢𝑗 𝑢𝑘
)
𝜕𝑥𝑘
𝜕𝑥𝑘

(28)

where 𝑈𝑖 are the mean velocity components and 𝑢𝑖 are the fluctuating velocity components
(Pope, 2000). The production of the Reynolds normal stresses can be divided into
contributions from the normal stress terms (denoted by the subscript, -n) and the shear
stress terms (denoted by the subscript, -s) as follows
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𝜕𝑈
𝜕𝑈
𝜕𝑈
′2
̅̅̅̅
𝑃𝑢𝑢 = −2 [(𝑢
+ ̅̅̅̅̅̅
𝑢′ 𝑣 ′ ( ) + ̅̅̅̅̅̅
𝑢′ 𝑤 ′ ( ) )]
⏟ 𝜕𝑥 ⏟
𝜕𝑦
𝜕𝑧
𝑃𝑢𝑢−𝑛

(29)

𝑃𝑢𝑢−𝑠

𝜕𝑉
𝜕𝑉
𝜕𝑉
′2
̅̅̅̅
𝑃𝑣𝑣 = −2 [(𝑣
+ ̅̅̅̅̅̅
𝑢′ 𝑣 ′ ( ) + ̅̅̅̅̅̅
𝑣 ′ 𝑤 ′ ( ) )]
𝜕𝑥
𝜕𝑧
⏟ 𝜕𝑦 ⏟

(30)

𝑃𝑣𝑣−𝑠

𝑃𝑣𝑣−𝑛

𝜕𝑊
𝜕𝑊
𝜕𝑊
′2
̅̅̅̅̅
𝑃𝑤𝑤 = −2 [(𝑤
+ ̅̅̅̅̅̅
𝑢′ 𝑤 ′ (
) + ̅̅̅̅̅̅
𝑣 ′𝑤 ′ (
) )]
⏟ 𝜕𝑧 ⏟
𝜕𝑥
𝜕𝑦
𝑃𝑤𝑤−𝑛

(31)

𝑃𝑤𝑤−𝑠

𝑃𝑘 = (𝑃𝑢𝑢 + 𝑃𝑣𝑣 + 𝑃𝑤𝑤 )/2

(32)

where the sum of the production terms of the Reynolds normal stresses is equivalent to the
production of turbulent kinetic energy, 𝑃𝑘 .
Figure 3.18 shows the production terms, 𝑃𝑢𝑢 , 𝑃𝑣𝑣 , 𝑃𝑤𝑤 and 𝑃𝑘 for each test case. In Figure
3.18a and 3.18c, 𝑃𝑢𝑢 displays asymmetric distribution in the downwash and upwash flows
which is consistent with contours of ̅̅̅̅
𝑢′2 (Figure 3.13a and 3.13d). The contribution from
the normal stress term, 𝑃𝑢𝑢−𝑛 to the net 𝑃𝑢𝑢 was found to act as an energy sink (negative
production) but this energy sink was completely suppressed by the much larger energy
source (positive production) from the shear stress term, 𝑃𝑢𝑢−𝑠 . For 𝑃𝑢𝑢−𝑠 , the term,
̅̅̅̅̅̅
𝑢′ 𝑤 ′ (𝜕𝑈⁄𝜕𝑧) was negligible, therefore, ̅̅̅̅̅̅
𝑢′ 𝑣 ′ (𝜕𝑈⁄𝜕𝑦) was the major contributor. This
suggests a good approximation of the production term of ̅̅̅̅
𝑢′2 in the near-wake of the
′ 𝑣 ′ (𝜕𝑈⁄𝜕𝑦). By comparing Figures 3.16 and 3.18, it is evident
̅̅̅̅̅̅
Ahmed body as 𝑃𝑢𝑢 ≈ −2𝑢
′ 𝑣 ′ (𝜕𝑈⁄𝜕𝑦) in the upwash flow for Case B and downwash
̅̅̅̅̅̅
that the reduction in 𝑃𝑢𝑢 ≈ −2𝑢

flow for Case A explains the difference between ̅̅̅̅
𝑢′2 for the two test cases.
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Figure 3.18. Production terms of the transport equations for the Reynolds normal stresses
and turbulent kinetic energy. 𝑃𝑢𝑢 ℎ/𝑈𝑏3 (a and c), 𝑃𝑣𝑣 ℎ/𝑈𝑏3 (b and d), 𝑃𝑤𝑤 ℎ/𝑈𝑏3 (e and h),
and 𝑃𝑘 ℎ/𝑈𝑏3 (f and h) for Case A and Case B, respectively. The red line represents the
reverse flow region defined by the zero streamwise mean velocity contour line.

In Figures 3.18a and 3.18c, it is also interesting to notice a small region of production with
relatively low magnitude attached to the ground for each test case. This region of
production is associated with the boundary layer separation induced by APG (𝜕𝑈⁄𝜕𝑥 <
0), therefore, the normal stress term, 𝑃𝑢𝑢−𝑛 was found to be the energy source here.
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The production terms, 𝑃𝑣𝑣 (Figure 3.18b and 18d) and 𝑃𝑤𝑤 (Figure 3.18e and 3.18g) are
extremely small compared to 𝑃𝑢𝑢 . This would imply that most of the energy source for ̅̅̅̅
𝑣 ′2
and ̅̅̅̅̅
𝑤 ′2 (Figure 3.14) is derived from the other terms in the transport equation such as the
pressure-strain and mean convection terms (Pope, 2000). In terms of contributions, 𝑃𝑣𝑣−𝑛
and 𝑃𝑤𝑤−𝑛 were the dominant source of 𝑃𝑣𝑣 and 𝑃𝑤𝑤 , respectively, as the shear stress terms
were negligibly small. Based on the above analysis, it is straightforward to observe that the
turbulence production, 𝑃𝑘 (Figure 3.18f and 3.18h) mimics the contours of 𝑃𝑢𝑢 for each
test case.
3.3.5 Instantaneous vortical structures
From the unsteady simulations, the evolution of the instantaneous vortical structures can
be examined to improve our understanding of the unsteady 3D wake structure around the
Ahmed body and augment the above discussions on the time-averaged statistics. In the
literature, several techniques have been used to identify vortical structures in turbulent
shear flows. Examples include the Q-criterion which is based on the complex eigenvalues
of the velocity gradient tensor (Chong et al., 1990), the second invariant of the velocity
gradient tensor (Δ-criterion) (Hunt et al., 1988), the swirling strength (𝜆𝑐𝑖 ) (Zhou et al.,
1999) and the Hessian of the pressure (𝜆2 -criterion) (Jeong and Hussain, 1995). In general,
these techniques have been found to capture qualitatively similar vortical structures, albeit
their individual limitations (Jeong and Hussain, 1995; Zhou et al., 1999). In this study, the
𝜆2 -criterion was used to identify the vortical structures around the Ahmed body. The 𝜆2 criterion extracts the coherent vortical structures based on regions where the second largest
eigenvalue (𝜆2 ) of the tensor, 𝑆𝑖𝑘 𝑆𝑘𝑗 + 𝛺𝑖𝑘 𝛺𝑘𝑗 is negative see (Jeong and Hussain, 1995),
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where 𝑆𝑖𝑗 = (𝜕𝑈𝑖 ⁄𝜕𝑥𝑗 + 𝜕𝑈𝑗 ⁄𝜕𝑥𝑖 )/2 and 𝛺𝑖𝑗 = (𝜕𝑈𝑖 ⁄𝜕𝑥𝑗 − 𝜕𝑈𝑗 ⁄𝜕𝑥𝑖 )/2 are the
symmetric and antisymmetric parts of the velocity gradient tensor, 𝜕𝑈𝑖 ⁄𝜕𝑥𝑗 .
Figure 3.19 shows snapshots of the 3D vortical structures visualized by the 𝜆2 -criterion
and coloured by the streamwise mean velocity for each test case. As shown in Figures 3.19a
and 19b (based on 𝜆2 ℎ2 /𝑈𝑏2 = −5), the vortical structures near the fore-end of the body
depict the separated shear layers that are influenced by the Kelvin-Helmholtz (K-H)
instability. After attachment, large-scale hairpin-like structures emanate from the
redeveloping boundary layer on the surfaces while corner vortices are formed on the
longitudinal edges of the body. The corner vortices are more pronounced on the edges of
the underbody. At the rear-end, these structures are shed from the body and they interact
with each other to form a complex system of shear layer vortices. It is noteworthy that the
various vortical structures observed in this study are consistent with results reported in
previous investigations on square-back simplified vehicle models (Fan et al., 2020;
Lienhart et al., 2019; Lucas et al., 2017; McArthur et al., 2016). To visualize the differences
between the two test cases, the side, top and bottom views of the vortical structures around
the body are presented in Figures 3.19c -3.19h, based on a reduced threshold value of
𝜆2 ℎ2 /𝑈𝑏2 = −50. Figure 3.19c shows that the structures in the near wake for Case A are
more populated in the upwash flow than the downwash flow. In contrast, the vortical
structures are clustered in the downwash flow for Case B (Figure 3.19d) but severely sparse
in the upwash flow. These spatial distributions of the vortical structures are consistent with
the enhanced Reynolds stresses and turbulence production in the upwash flow for Case A
and the downwash flow for Case B (see Figures 3.13 and 3.18).
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Figure 3.19. Iso-surfaces of 𝜆2 coloured by instantaneous streamwise velocity, (a and b)
3D vortical structures based on 𝜆2 ℎ2 /𝑈𝑏2 = −5, and (c – h) planar views of the vortical
structures based on 𝜆2 ℎ2 /𝑈𝑏2 = −50.

In the top and bottom views (Figure 3.19e-3.19h), it is interesting to observe that the
structures are more populated on the right lateral side of the wake for Case A while Case
B shows a relatively even distribution of the structures on either side. This difference can
also be seen from the isometric views of the vortical structures in Figures 3.19a and 19b.
The asymmetry of the structures in the spanwise plane for Case A signifies the occurrence
of a bimodality behaviour (Grandemange et al., 2013a; Lucas et al., 2017).
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3.3.6 Global modes and bimodality of the wake
The complex system of shear layer vortices in the wake of the Ahmed body is associated
with energetic oscillations in the wall-normal and spanwise directions, which are often
referred to as global modes (Grandemange et al., 2013a; Plumejeau et al., 2020). The global
modes are induced by the vortex shedding behaviour and the instabilities in the separated
shear layers interacting with each other. As discussed in the introduction, the instabilities
in the shear layer interactions may result in bimodality of the wake structure. Most previous
studies identified the bimodality behaviour using the temporal history of the spatial
gradients of the base pressure coefficient (𝐶𝑝𝑏 ) on the rear surface of the bluff body (Evrard
et al., 2016; Grandemange et al., 2013a; Li et al., 2016; Volpe et al., 2015). However, the
temporal history of the aerodynamic forces in the wall-normal (lift) and spanwise (drift)
directions have also been found to produce results consistent with the spatial gradients of
𝐶𝑝𝑏 (Fan et al., 2020; Plumejeau et al., 2019). Here, the global modes and bimodality are
explored using the lift and drift coefficients evaluated as 𝐶𝐿𝑓 = 2𝐹𝑦 /𝜌𝑈𝑏2 and 𝐶𝐷𝑓 =
2𝐹𝑧 /𝜌𝑈𝑏2 , respectively, where 𝐹𝑦 and 𝐹𝑧 are the instantaneous force in the wall-normal and
spanwise directions, respectively. Figure 3.20 shows temporal histories of the drift and lift
coefficients, and their associated probability density functions (PDF) and joint-PDF
(JPDF) based on the total simulation time of 350 s where the JPDF of two random variables
are defined as follow

𝑃((𝑋, 𝑌) ∈ 𝑅) = ∬ 𝑓𝑋𝑌 (𝑥, 𝑦)𝑑𝑥𝑑𝑦
𝑅

where R is any region in two-dimensional space.
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(33)

Figure 3.20. Temporal histories of drift (a and b) and lift (c and d) coefficients along
with their corresponding normalized probability density function (PDF) and joint-PDF
(e and f). The time interval of wake switching event is outlined in (a) as tswitch.
However, the temporal histories presented are limited to 90 s – 210 s to highlight the
interesting changes in the history of the coefficients. In Figures 3.20a – 3.20d, the
fluctuations in the temporal histories of the coefficients demonstrate the periodic
oscillations of the global modes. For Case A, two distinct peaks are present in the PDF of
the drift coefficient (Figure 3.20a), but the lift PDF (Figure 3.20c) shows a quasi-Gaussian
distribution. The double peaks of the drift PDF confirm the occurrence of bimodality of
the wake in the spanwise direction, which was also observed in the spatial distribution of
the instantaneous vortical structures (Figure 3.19). This behaviour can also be visualized
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from the double peaks of the JPDF contour (Figure 3.20e). Grandemange et al., (2013a)
proposed a relational map that showed that the directional preference of the bimodality is
a function of the aspect ratio and the ground clearance ratio. It is noteworthy that the map
predicted spanwise bimodality for the present Ahmed body (W/h = 1.4 and C/h = 0.33),
which is consistent with the current results of Case A. In contrast, both the lift and drift
PDFs for Case B (Figures 3.20b and 3.20d) show a quasi-Gaussian distribution and the
corresponding JPDF contour (Figure 3.20f) exhibits a single peak. These results suggest
that the occurrence of bimodality is also influenced by the relative boundary layer
thickness, 𝛿/𝐻, and for 𝛿/𝐻 > 1, the thick TBL induces a strong upwash flow which
suppresses the bimodality of the wake.
The temporal history of the drift coefficient for Case A provides more insight into the
bimodality behaviour. The two asymmetric states can be distinguished by the high
probability values of 𝐶𝐷𝑓 = +0.01 (hereafter referred to as the positive, P state) and 𝐶𝐷𝑓 =
−0.01 (hereafter referred to as the negative, N state). The bimodality starts with a P state
and makes the first complete switch to an N state at 𝑡 ≈ 150 s (i.e. at 𝐶𝐷𝑓 = 0), which
corresponds to a temporal scale of 𝑡 ∗ = 𝑡𝑈∞ /ℎ = 750. As indicated on the plot, the
∗
duration of this wake switching event lasts for about 4.5 s (∆𝑡𝑠𝑤𝑖𝑡𝑐ℎ
= 22). At about 𝑡 =

200 s (𝑡 ∗ ≈ 1000), another switching event is captured where the wake changes from an
N state to a P state. However, this second event is brief as the sign quickly changes back
to negative and stays the same for the rest of the simulation time. This brief or incomplete
switching event has also been observed in Fan et al., (2020) and it is attributed to the
randomness of the bimodality behaviour. The temporal scale for the first occurrence of the
bimodality in the present study is within values, 𝑡 ∗ ∈ [160,1000] reported in the literature
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Figure 3.21. Contours of 𝐶 𝑝 on rear surface (a, b and c) and spanwise mean
velocity,𝑊/𝑈𝑏 in 𝑃 2 with streamlines superimposed (d, e and f) for Case A. Conditional
averaging based on P state (a and d) and N state (b and e). Total ensemble averaging
based on both P and N states (c and f). The red line represents the reverse flow region
defined by the zero streamwise mean velocity contour line.

for square-back Ahmed bodies (Dalla Longa et al., 2019; Fan et al., 2020; Grandemange
et al., 2013a; Volpe et al., 2015).
Figure 3.21 shows conditional averaging of the flow field based on the P and N states for
Case A. The flow field based on the total ensemble is included for comparison. The
contours of the mean pressure coefficient on the rear surface of the body is presented in
Figures 3.21a – 3.21c and the spanwise mean velocity contours at 𝑃2 are presented in
Figures 3.21d – 3.21f. For the P state, the wake is skewed towards the right (positive zlocation) due to stronger entrainment of freestream fluid from the left side of the body. In
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contrast, the N state shows stronger entrainment of freestream fluid from the right side of
the body which leads to the wake being skewed towards the left. Since the time duration
for the two asymmetric states is comparable, the flow field based on the total ensemble
exhibit a symmetric wake topography with similar entrainment from both sides of the body.

Figure 3.22. Instantaneous snapshots during the interval of bimodal wake switching
event indicated in Fig 19a as tswitch. (a – e) Snapshots of instantaneous pressure
coefficient contour in 𝑃2 , and (f – j) iso-surfaces of instantaneous pressure coefficient,
𝐶 𝑝 = - 0.3.

The spatio-temporal evolution of the low-pressure toroidal structure during the wake
switching event is captured in the high-frequency snapshots(∆𝑡𝑠𝑤𝑖𝑡𝑐ℎ = 147 s − 153 s)
presented in Figure 3.22. The snapshots shown are based on a thorough inspection of
animations of the instantaneous flow fields. The instantaneous 𝐶𝑝 contours at 𝑃2 are shown
in Figures 3.22a – 3.22e and the iso-surfaces of 𝐶𝑝 = −0.3 are shown in Figures 3.22f –
3.22j. At the onset of the switching event (Figures 3.22a and 3.22f), the instantaneous
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toroidal structure in the P state experiences instabilities that leads to the tilting and
stretching of the structure away from the right side of the rear-end of the body. The
instabilities are induced by a more frequent shedding of larger hairpin vortices from the
right side of the body than the left side (see Figure 3.22). The vortices combine and build
up within the right part of the torus (Figures 3.22b and 3.22g), thereby triggering the
shedding of a large hairpin vortex from that part of the torus (Figures 3.22c and 3.22h).
This large-scale hairpin vortex shedding event has also been observed in previous studies
of simplified vehicle models (Dalla Longa et al., 2019; Evrard et al., 2016; Fan et al., 2020;
Pavia et al., 2020) and it is argued to be responsible for initiating the switch between the
two asymmetric states. After this event, spanwise symmetry in the low-pressure cores is
restored briefly, as the vortices in the lower part of the torus build up (Figures 3.22d and
3.22i). Soon after, the torus becomes unstable and breaks up with the lower right part
convected downstream (Figures 3.22e and 3.22j). Meanwhile, the shedding of larger
hairpin vortices switches to the left side of the body in agreement with the new oblique
orientation of the low-pressure cores (i.e. N state). It is important to note that the sequence
of events captured in this study is qualitatively similar to results reported by Dalla Longa
et al., 2019 for a simplified lorry model experiencing bimodality.
To characterize the periodicity of the global modes in the wake for Case A and Case B,
premultiplied frequency spectra of the fluctuations of the lift and drift coefficients are
presented in Figures 3.23a and 3.23b, respectively. Here, the spectra of the fluctuations of
the lift coefficient provide insight on the global vortex shedding timescales related to the
downwash and upwash shear layers while the spectra for the drift are connected to the
global vortex shedding timescales in the lateral shear layers. The spectral plots indicate that
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the vortical structures shed behind the body for Case A are more energetic than those of
Case B. However, the dominant periodic global modes associated with the vortex shedding
in the downwash and upwash shear layers have a distinct Strouhal number of 𝑆𝑡 =
𝑓ℎ/𝑈∞ = 0.15, which is similar for both test cases. This Strouhal number agree well with
values, 𝑆𝑡 = 𝑓ℎ/𝑈∞ = 0.13 − 0.19 reported in previous investigations on the vortex
shedding timescales using spectral analysis of the velocity fluctuations at selected probe
locations behind the Ahmed body (Grandemange et al., 2013a; Lucas et al., 2017;
Plumejeau et al., 2020; Volpe et al., 2015).
In the lateral shear layers, the Strouhal number for the dominant periodic mode reduces to
𝑆𝑡 = 0.13 and 0.10 for Case A and Case B, respectively. The reduction in Strouhal
number in the lateral shear layers is also observed in previous studies with typical values
reported as 𝑆𝑡 ≈ 0.13 (Grandemange et al., 2013a; Plumejeau et al., 2020; Volpe et al.,
2015). In Figure 3.23b, it is also interesting to notice that the secondary periodic mode for
Case A exhibit a similar Strouhal number as the dominant periodic mode of Case B.
Nonetheless, both the lift and drift spectral plots display other periodic modes with Strouhal
numbers in the range, 𝑆𝑡 = 0.05 − 0.21, demonstrating the large range of timescales for
the vortex shedding behaviour behind the square back Ahmed body.
Figure 3.23c shows the temporal cross-correlation between the lift and drift coefficients
defined as

𝑅𝐿𝐷 = ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝜙𝐿 (𝑡)𝜙𝐷 (𝑡 + ∆𝑡)/(𝜙𝐿,𝑟𝑚𝑠 𝜙𝐷,𝑟𝑚𝑠 )

(34)

where 𝜙𝐿 and 𝜙𝐷 are the fluctuations of the lift and drift coefficients, respectively, and
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Figure 3.23. Pre-multiplied frequency spectra profiles of the fluctuations of the (a) lift
coefficient and (b) drift coefficient, and (c) temporal cross-correlation between the lift
and drift coefficients.

𝜙𝐿,𝑟𝑚𝑠 and 𝜙𝐷,𝑟𝑚𝑠 are the root-mean-square value of the fluctuations, respectively. In the
plot, the cross-correlation on the positive time scale (∆𝑡 > 0) demonstrate the influence of
R_LD
the lift force on the drift (𝑅𝐿𝐷 ) while the opposite cross-correlation
(𝑅𝐷𝐿 ) on the negative
B_R_LD
% (3)
% (4)
% (5)

time scale (∆𝑡 > 0) demonstrate the influence of the drift on the lift force. For Case A, the
cross-correlation show positive magnitudes with major peaks on either side of the time
scale (i.e. ∆𝑡𝑈∞ /ℎ = −6.0 and 16.4). These peaks would imply strong mutual interaction
between the lift and drift forces behind the Ahmed body in a uniform flow. For the Ahmed
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body submerged in the thick TBL, the cross-correlation in the negative section (∆𝑡 < 0) is
small and tends to oscillate, however, the correlation significantly increases for ∆𝑡 > 0
with peaks (at ∆𝑡𝑈∞ /ℎ = 10.0 and 21.5) that are much larger than those of Case A. The
enhanced cross-correlation for ∆𝑡 > 0 would imply that the increase in lift, perhaps due to
the stronger upwash flow in Case B, induces large drift force in the spanwise direction,
which may suppress the occurrence of bimodality in the wake of Case B.
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Chapter 4: Conclusion and recommended future work

4.1 Summary and conclusion
The effect of approach flow conditions on the unsteady 3D wake characteristics of an
Ahmed body was investigated numerically using IDDES hybrid RANS-LES model. Two
test conditions were examined: (i) an Ahmed body encountering a uniform approach flow
or thin TBL, 𝛿/𝐻 = 0.09, where 𝐻 is the total height of the body from the ground, (denoted
as Case A), and (ii) an Ahmed body fully immersed in a thick TBL (𝛿 > 𝐻), 𝛿/𝐻 = 1.75
(denoted as Case B). For both cases, the Reynolds number based on the bulk velocity and
body height was kept constant at 𝑅𝑒ℎ = 1.4 × 104 . It is noteworthy that the flow
configuration similar to Case A has been examined by many previous studies, but Case B
has rarely been investigated, although it provides a more realistic flow condition
experienced by on-road vehicles.
For Case B, the results showed that the elevated turbulence level and reduced mean velocity
in the approach flow decreased the length of the recirculation region on the underbody by
33%, and suppressed the acceleration of the flow over the top fore-end of the body when
compared to Case A. In the near-wake region, the length of the recirculation region
(𝐿𝑟 /ℎ = 1.44) was independent of the approach flow condition, however, the topography
of the mean flow exhibit significant differences between the two test cases. For Case A,
the wake is dominated by a downwash flow from the top surface, which is augmented by
entrainment from the lateral sides that are intense near the top corners of the body. In
contrast, the upwash jet-like flow from the underbody is dominant in the wake of Case B
and augmented by much stronger lateral entrainment near the bottom corners of the body.
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As a result, the toroidal structure formed behind the Ahmed body for Case B showed
significant modification from that of Case A, especially on the upper and lower parts of the
structure. The growth of the separated shear layers was evaluated using the vorticity
thickness, which showed that the upwash shear layer for Case B grows more rapidly after
the recirculation region, due to a rapid diminishing of mean shear, 𝜕𝑈⁄𝜕𝑦 in the upwash
′2 , ̅̅̅̅
̅̅̅̅
flow. The Reynolds normal stresses, (𝑢
𝑣 ′2 and ̅̅̅̅̅
𝑤 ′2 ) and their corresponding production

terms showed that turbulence production is more intense in the upwash shear layer of Case
A and the downwash shear layer of Case B. This observation was mainly due to elevated
′ 𝑣 ′ ) in the respective shear layer of
̅̅̅̅̅̅
mean shear (𝜕𝑈⁄𝜕𝑦) and Reynolds shear stress (−𝑢

each test case. The turbulence field also exhibited strong anisotropy in the near-wake of
both cases, where ̅̅̅̅
𝑢′2 ≫ ̅̅̅̅
𝑣 ′2 and ̅̅̅̅̅
𝑤 ′2 , and ̅̅̅̅
𝑣 ′2 ≈ ̅̅̅̅̅
𝑤 ′2 , however, the anisotropy tends to be
more severe in Case B than Case A.
Periodic global modes and the occurrence of bimodality of the wake were investigated for
both test cases using iso-surfaces of the 3D vortical structures based on 𝜆2 -criterion and
temporal histories of the lift and drift coefficients. Similar to previous studies, the
instantaneous wake structure of Case A exhibited bimodality in the spanwise direction and
the timescale for the first wake switching event was 𝑡 ∗ = 𝑡𝑈∞ /ℎ ≈ 750. However, no
evidence of the bimodality behaviour was found in both the wall-normal and spanwise
directions of the wake structure for Case B. These results suggest that the submergence of
the Ahmed body in the thick TBL (𝛿 > 𝐻) induces a strong upwash flow which suppresses
the mechanism responsible for the bimodality of the wake. The spectra of the lift and drift
coefficients showed that the global modes associated with vortex shedding from the top
and bottom rear edges have a Strouhal number, 𝑆𝑡 = 𝑓ℎ/𝑈∞ = 0.15 for both test cases,
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but the vortex shedding from the lateral rear edges has a reduced Strouhal number of 𝑆𝑡 =
0.13 and 0.10 for Case A and Case B, respectively.

4.2 Recommended future work
The present numerical work investigates the effect of the approach flow condition on the
wake of an Ahmed body. Some of the recommended future work include:
•

More extensive instantaneous analysis involving proper orthogonal
decomposition (POD) analysis for both cases to distinguish energy modes.

•

The Reynolds number effect for Case B to investigate how the flow feature differs
with an increase in momentum.

•

Transient behaviour of the recirculation length (enlargement and contraction).
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